The human insulin-like growth factor II (IGF-II) gene constitutes a complex transcriptlonal unit that contains nine exons and four promoters. Expression of the IGF-II gene yields a family of mRNAs that all encode prepro-IGF-II. In addition, a stable 1.8 kb RNA is formed that is derived from the 3' untranslated region of exon 9. Recently, we have shown that this RNA species arises by site-specific endonucleolytic cleavage of IGF-II mRNAs and not by transcription from a separate promoter. In the present study we establish that two widely separated sequence elements of approximately 300 nucleotides, both located within exon 9, are required for this cleavage reaction. The first element encompasses about 200 nucleotides upstream and 100 nucleotides downstream of the cleavage site, while the second element is located within a region of 330 nucleotides about 2 kb upstream of the cleavage site. Interestingly, site-specific cleavage also occurred when a fragment from exon 9 of the IGF-II gene containing these two elements was inserted into the 3' untranslated part of the jS-globin gene. Apparently, the expressed hybrid /3-globln-IGF-ll mRNA contains all the regulatory elements to confer site-specific endonucleolytic cleavage.
INTRODUCTION
Insulin-like growth factor II (IGF-II) is a polypeptide consisting of 67 amino acids that is structurally related to IGF-I and insulin (1) . The high level of expression during embryonic and fetal life in both rodents and humans suggests that IGF-II is important for prenatal growth regulation. The continued presence of IGF-II in human adult serum indicates that IGF-II is not only involved in fetal growth, but probably also plays a role in postnatal life (2) .
The human IGF-II gene is a complex transcriptional unit encompassing nine exons ( Fig. 1) (3) (4) (5) . The transcriptional activity of the gene is regulated in a tissue-and developmentspecific way by four different promoters (P1-P4), that are located in front of exons 1, 4, 5 and 6, respectively (3, 4, 6) . The four promoters give rise to mRNAs that share the prepro-IGF-II coding region (located in exons 7, 8, and 9), but contain different leader exons (exons 1 -3,4, 5, and 6, respectively). Exon 9 has a length of 4.1 kb of which the first 234 bp encode the carboxylterminus of the IGF-II precursor.
In addition to the IGF-II mRNAs, a 1.8 kb RNA is expressed that is derived from the 3' untranslated part of the last exon and therefore does not encode IGF-n (3). The 1.8 kb RNA is polyadenylated and its 3' end coincides with the 3' end of the IGF-II mRNAs at the major polyadenylation site. Its 5' end has been mapped 1.65 kb upstream of this site at position 2421 of exon 9 (3) which was assigned the cleavage site. The mechanism of 1.8 kb RNA formation has been studied in cultured cells transfected with IGF-II minigenes (7) . It was shown that the 1.8 kb RNA does not arise by transcriptional initiation from a separate promoter within exon 9, but is formed through endonucleolytic cleavage of IGF-II mRNAs.
Expression of a 1.8 kb RNA species from the IGF-II gene has been detected in human, rat and mouse (3, 8, 9 ) (P.E.Holthuizen and D.Meinsma, unpublished results). Nucleotide sequence comparison of the last exon of the IGF-II gene of the three species revealed a sequence element that may be of importance for cleavage of IGF-II mRNAs (7) . This sequence element can be subdivided into two contiguous domains (Fig. 2) . One domain consists of 136 nt directly upstream of the cleavage site (positions -139 to -3). The second domain, extending from positions -14 to +60 relative to the cleavage site, consists of 74 nt. For the first domain an extensive almost identical secondary structure was predicted, while for the second domain 72 nt of the 74 are conserved between human, rat, and mouse. This sequence conservation strongly suggests that it is important for the cleavage reaction.
In our initial analysis of IGF-II minigenes we observed that transient expression of a construct designated EP7-9, containing the cytomegalovirus (CMV) enhancer-promoter, a genomic IGF-II fragment encompassing exons 7, 8, and 9 and 4.8 kb downstream of the IGF-II gene, yielded a full length 4.8 kb mRNA as well as the 3' specific cleavage product of 1.8 kb (7). The 5' specific cleavage product could hardly be detected due to its relative instability. In the present study we have used deletion derivatives of EP7-9 and /S-globin/IGF-II fusion constructs to determine in more detail the sequence elements that are required for endonucleolytic cleavage of IGF-II mRNAs in cultured cells. [a-^PJ-dCTP (3000 Ci/mmole) was purchased from Amersham (Amersham, UK).
MATERIALS AND METHODS

Materials
Plasmid construction
Molecular cloning was performed according to established protocols (10) . IGF-II expression plasmids were based on the construct EP7-9 that has been described elsewhere (7 To introduce a unique NotI site in EP7-9, a BglllNhel fragment of exon 9 was cloned in the Sall/Xbal sites of pBluescript. After linearization with Smal, NotI linkers were inserted and the IGF-II fragment was recloned in EP7-9 as a BglH-Nhel fragment. A PCR fragment was synthesized using two 31-mer oligonucleotides corresponding to positions -123 to -93 and -8 to +12 relative to the cleavage site. The former oligonucleotide contained a Bgin site, while the latter, antisense, oligonucleotide contained 11 additional residues at the 5' end which contained a NotI site. The PCR fragment was digested with BglH and NotI, purified by elutip-d column chromatography and then cloned in the Bglll/NotI sites of EP7-9/NotI. For the preparation of chimaeric /3-globin/IGF-H constructs, exon 9 fragments were subcloned in the Smal site or the Smal/EcoRV sites of pBluescript and subsequently inserted in the Sall/Xbal sites of the vector pNeoR/JG^0, kindly provided by Dr. G. Shaw (12) . The following fragments were transferred to the /Sglobin gene: an Xhol-Xbal fragment (positions -2290/+1050) isolated from EP7-9, and a Clal-Xbal fragment (positions -1960/+ 1050) and an Xhol-Xbal fragment (positions -2290/+1050) from A-1957/-174. Derivatives of EP7-9 and chimaeric constructs were checked by restriction analysis or nucleotide sequencing. Expression plasmids were purified by two CsCl-ethidium bromide equilibrium centrifugations in a Beckmann TL100 ultracentrifuge.
Cell culturing and transfections
Human 293 cells (13) were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 100 IU/ml of penicillin, 100 /tg/ml streptomycin and 300 jig/ml glutamine. Cells were transfected in 75 cm 2 flasks by calcium-phosphate coprecipitation (10, 14) . Precipitates contained 10 /ig of CMV/IGF-n or pNeoR/SG^/IGF-D constructs and 0.5 or 1.0 ng RSV-luciferase (15) and were prepared with Hepesbuffered saline (HBS) or Bes-buffered saline (BBS) (10). After 4-5 hrs of exposure to the precipitate the medium was removed, the cells were treated during 75 sec. with medium containing 10% DMSO and the cells were then refed with fresh medium. After 40-60 hrs the cells were washed with PBS and harvested in PBS with 0.04% EDTA. To compare transfection efficiencies of the various IGF-II expression constructs, 10% of the cells were used for a luciferase assay (15) . RNA was isolated from the remaining 90% of the cells.
RNA analysis
Total RNA was isolated by the single-step guanidinium thiocyanate method (16). Northern blot analysis was performed according to GeneScreen protocols. 10 ng RNA was glyoxylated and size-separated on a 1 % agarose, 10 mM sodiumphosphate gel and transferred to a GeneScreen membrane. The RNA was fixed on the membrane by irradiation with long-wavelength (Fig. 4) and is given as a percentage related to the efficiency of cleavage of EP7-9 mRNAs (100%). The amounts of cleavage products were determined in 2-6 independent experiments. The numbers indicated correspond to the Northern blot of Fig. 4 , which is representative for these experiments.
ultraviolet light and baking at 80 °C during 2-3 hrs. DNA fragments were labelled with [a-^PJ-dCTP by random priming. Blots were hybridized in the presence of 50% formamide in trays on a rocking platform or in glass cylinders with continuous rotation in a hybridization stove. The blots were washed to a final stringency of O.lxSSC (lxSSC is 0.15 M NaCl, 0.015 M sodium citrate), 1 % sodiumdodecylsulphate at 6O-65°C for 20 min. and autoradiographed on Fuji RX X-ray film. Two human IGF-II exon 9 probes were used: a 532 bp EcoRV-Aval fragment encompassing the region between positions -557 and -26 in exon 9 and a 1.0 kb Smal exon 9 fragment, (positions + 81/+1094).
RESULTS
Cleavage of IGF-II mRNAs requires sequences surrounding the cleavage site
To investigate the importance of the domain from -139 to -3 for which an extensive secondary structure has been predicted a nested set of deletions was created in the region upstream of the cleavage site (Fig. 3) . After expression of the various constructs in 293 cells the levels of IGF-II mRNAs and cleavage products were determined by hybridization of Northern blots of total RNA with a 3' specific probe that detects both the 1.8 kb RNA and full length IGF-H RNAs (Fig. 4) . These RNAs are all derived from the IGF-II constructs, since 293 cells do not express the endogeneous IGF-II gene. The amounts of 3' specific cleavage products were determined relative to the total amount of full length and 3' specific IGF-II RNAs. The cleavage efficiency obtained with construct EP7-9 was set at 100%. Expression of deletion construct A -1957/-110 yielded an uncleaved transcription product of 3.0 kb, but the formation of a cleavage product of 1.8 kb was strongly inhibited (5%) (Fig. 4) . To investigate the function of the domain downstream of the cleavage site we made deletions in that region. For this purpose we introduced a unique NotI site in EP7-9 at position +83 (EP7-9/NotI). The cleavage efficiency obtained with this construct was comparable to that of EP7-9 (Fig. 4) . As expected, transfections with construct A-105/+83, which lacks the major part of the upstream domain and the entire downstream domain, did not lead to cleavage of the corresponding RNA (Fig. 4) . To study the importance of the conserved 74 bp region between positions -14 to +60 (Fig. 2B) for the cleavage reaction in further detail we inserted a PCR fragment covering positions -109 to +12, in EP7-9/NotI (A+13/ + 83) (Fig. 3) . In this construct the cleavage site and the upstream domain are intact, but only the first 25 bp of the conserved domain are present. Expression of A +13/ + 83 showed that no 3' specific cleavage product was formed, emphasizing the importance of the conserved region for the cleavage reaction (Fig. 4) . To determine the role of sequences located further downstream of the cleavage site, construct A+ 84/+652 was prepared by deletion of a NotlNhel fragment from EP7-9/NotI. After transfection, this construct gave rise to a full length IGF-II mRNA of 4.2 kb, and in addition a 1.2 kb RNA representing the 3' specific cleavage product with an internal deletion (Fig. 3) . The efficiency of the 1.2 kb RNA formation with construct A+ 84/+ 652 was about 8%. The presence of 84 nt downstream of the cleavage site is therefore sufficient to obtain expression of 3' specific RNA, but the low expression level suggests that additional sequences are necessary for efficient mRNA cleavage. Alternatively, the efficiency of cleavage of A+ 84/+652 might be underestimated due to a reduced stability of the 3' specific cleavage product.
Cleavage of IGF-II mRNAs also requires a distant upstream sequence element
In the course of our analysis of the 1.8 kb RNA expression by different deletion constructs we made the surprising observation that construct A-2444/-2291 did yield high amounts of 1.8 kb RNA, while another construct A -2440/ -1960 did not show detectable amounts of IGF-II mRNA cleavage products (Fig. 4) . This suggested that an upstream element from -2291 to -1960 was also required for the cleavage reaction. The importance of this region was further revealed by expression of deletion construct A-2286/-1960 that lacks only 327 bp of the region located 2 kb upstream of the cleavage site. Although expression of full length mRNA could be detected (Fig. 4) , we were unable to detect any cleavage product, even after prolonged exposure of the Northern blots. These results show that in addition to the sequence element encompassing the cleavage site, a second region upstream is important for cleavage of IGF-II mRNAs. Since deletion of the sequences between -1957 and -174 has only a limited effect on 1.8 kb RNA formation, this part of IGF-II mRNAs is probably of minor importance for cleavage. would yield a 3' cleavage product of 1.3 kb (sense) or 2.5 kb (antisense), respectively. The constructs were transiently expressed in 293 cells and total RNA was analyzed by Northern blotting employing the exon 9 specific probe +81/ +1094. A full length, 4.2 kb transcript could be detected for the sense as well as for the antisense construct. However, expression of the vector that contained the IGF-II fragment in the sense orientation resulted in a 1.3 kb cleavage product, while no cleavage could be detected with the antisense construct (Fig. 6) . The 1.3 kb product was not detected with the exon 9 specific probe -557/-26 (results not shown). These results indicate that chimaeric /3-globin/IGF-II mRNA can be cleaved at the expected site, thereby providing independent evidence that the internal exon 9 fragment that was transferred to the /3-globin gene contains all the sequence elements required for site-specific endonucleolytic cleavage. The cleavage efficiency was lower than observed for EP7-9. It is possible that the presence of the /3-globin mRNA sequences affects the secondary and tertiary structure of the chimaeric mRNA and therefore influences the efficiency of the cleavage reaction. It can not be excluded that additional sequence information from IGF-II exon 9 is required for optimal cleavage yield. Nevertheless, the results indicate that the region between -2290 and +1050 contains sufficient information to allow endonucleolytic cleavage.
To confirm that the far upstream sequence element is truly required for RNA cleavage, two different exon 9 fragments were inserted in pR/SG 00 . One fragment contained the region from -2290 to +1050 with an internal deletion from -1957 to -174 (Fig. 5) . In the corresponding RNA the two sequence elements required for cleavage are both present. Expression of this plasmid (-2290/ +1050A) in 293 cells yielded mil length mRNA of about 2.4 kb; in addition, a cleavage product of 1.3 kb could be detected (Fig. 6 ). In the other chimaeric construct, which contains the exon 9 region from -174 to +1050, the entire far upstream sequence element is absent. Expression of this construct (-174/+1050) yielded a full length mRNA of 2.1 kb, but no cleavage product of 1.3 kb could be detected (Fig. 6 ). This result confirms that the element located 2.1 kb upstream of the cleavage site is indeed necessary for cleavage of IGF-II mRNAs. 
Cleavage of chimaeric /3-globin/IGF-II mRNAs
The expression analysis of IGF-II minigenes described above, revealed that two sequence elements within exon 9 are required for cleavage of IGF-II mRNAs. To test whether these elements suffice for cleavage of IGF-II mRNAs, an internal exon 9 fragment was cloned in both orientations into the 3' untranslated region (3' UTR) of the /3-globin gene (Fig.5 ). This fragment, encompassing the region from -2290 to +1050, contains the two sequence elements involved in the cleavage reaction. For transient expression of the /3-globin/IGF-II fusion genes we used the vector pR/SG 00 which contains the rabbit /3-globin gene under control of the polyomavirus early promotor and has a GCrich region cloned in the 3' UTR of the /3-globin gene (12) . Endonucleolytic cleavage of the corresponding chimaeric mRNAs
DISCUSSION
We have investigated the sequence requirements for endonucleolytic cleavage of IGF-II mRNAs in cultured cells. Two distinct sequence elements were identified that are essential for the formation of cleavage products: a proximal element encompassing the cleavage site and surrounding sequences (element H) and a distal element that is located about 2 kb upstream of the cleavage site (element I) (Fig.3) .
Element II comprises at least nucleotides -173 to +83 relative to the cleavage site. Within this region two domains can be distinguished. For the domain from -139 to -3 extensive secondary structure has been predicted for human, rat and mouse IGF-II mRNAs (7) . It is an attractive hypothesis that the secondary structure of this domain plays an important role in the cleavage reaction. The predicted stem-loop structures in the domain from -139 to -3 in element II may constitute a recognition site for one or more proteins involved in the cleavage reaction. The second domain in the proximal sequence element II is located from -14 to +60. This domain is also highly conserved in the IGF-II gene of human, rat and mouse and is very G-rich (62%). In all three species cleavage of IGF-II mRNAs has been detected. The observation that absence of the major part of this domain abolishes the formation of cleavage products clearly shows its importance for the cleavage reaction. It is still unknown in which way this element contributes to the cleavage reaction. It is possible that it also is involved in the formation of distinct stem-loop structures or is recognized by a specific protein. The presence of 83 nt downstream of the cleavage site is sufficient to allow the formation of 3' cleavage products albeit that the levels are low. The lower yields might be explained by the fact that additional sequences downstream of +83 are required for optimal cleavage, but it is also possible that differential stability of the 3' cleavage products causes this effect.
In addition to sequence element II we have shown that sequence element I, located about 2 kb upstream of the cleavage site, is also involved in the cleavage of IGF-II mRNAs. Two IGF-II minigene constructs that both lacked the element from -2286 to -1960 (A-2440/-1960 and A-2286/-1960), did not show expression of the 1.8 kb RNA. The results obtained with the chimaeric /3-globin/IGF-II constructs corroborate these findings. The observation that sequence elements I and II, which are separated by 2 kb are both required for cleavage of mRNAs suggests that the secondary and/or tertiary structure of IGF-II mRNAs plays a major role in the cleavage reaction. Another explanation might be that each domain binds its own protein factor and that these interact with one another. Further research is required to elucidate the mechanism of cleavage.
To establish whether the sequence information required for the cleavage of IGF-II mRNAs is restricted to exon 9, a 3.3 kb fragment from position -2290 to +1050 was inserted into the 3' untranslated region of the /3-globin gene. Expression of this construct was accompanied by cleavage of hybrid globin/IGF-II mRNAs. This result shows that all information required for cleavage of IGF-II mRNAs is present in the 3.3 kb fragment of exon 9. Furthermore, we have shown that insertion of the same fragment in the antisense orientation does not result in cleavage of the chimaeric RNA (Figs 5 and 6 ). The mere presence of this IGF-II fragment is therefore not enough for the cleavage reaction. Obviously, the cleavage reaction requires particular sequence information that can only be provided by sense RNA. The relative amount of cleavage product is lower than obtained with the IGF-II minigene EP7-9. This might indicate that cleavage occurs less efficiently when the transferred fragment is not situated in its natural context. In addition, we have indications that the 3' cleavage product of the chimaeric mRNA is less stable than the 1.8 kb derived from authentic IGF-II mRNAs (data not shown).
Endonucleolytic cleavage has been reported for mRNAs transcribed from the chicken 9E3 gene (17) , the Xenopus maternal Xlhbox2B homeobox gene (18) , the chicken Apo Very Low Density II gene (19) , the human c-myc gene (20, 21) and also seems to occur in human gro-a mRNA (22) . With the exception of c-myc mRNA, which is also cleaved in the coding region, these mRNAs are all cleaved in the 3' untranslated region as was found for IGF-II mRNAs. Cleavage of 9E3, Xlhbox2 and IGF-II mRNAs takes place at a single site, whereas apo VLDL II mRNAs are cleaved at multiple sites. Cleavage of Xenopus Xlhbox2 homeobox mRNA and c-myc mRNA only requires sequences adjacent to the cleavage site since transfer of a 90 nt and a 249 nt fragment, respectively, to a foreign gene sufficed to generate cleavage of the hybrid mRNA. The sequence requirements for cleavage of the other mRNAs have not extensively been investigated. Formation of stem-loop structures have been predicted for apo VLDL II mRNA and might play a role in cleavage of this mRNA by exposing certain regions of single-stranded RNA to endonucleolytic enzymes, while other regions are protected from digestion. No stable stem-loop structures have been described for 9E3 and groa mRNA, whereas cleavage of Xenopus homeo box mRNA occurs in a region that is not involved in formation of secondary structure. Apparently, site-specific cleavage of mRNAs may occur via different mechanisms. Until now, only in the case of IGF-II mRNA the involvement of two widely separated domains in the cleavage reaction has been demonstrated, indicating that cleavage of these mRNAs exhibits unique sequence requirements.
An interesting question is what the physiological function of the cleavage reaction is. In this respect it is noteworthy that the stability of IGF-II mRNAs seems to depend on the growth conditions of the cells. We have observed that cell lines stably transfected with construct EP7-9 show normal levels of full length IGF-II RNA as well as the stable 1.8 kb cleavage product when they are grown in medium containing 10% serum (7), (D. Meinsma and W. Scheper, unpublished results). However, after serum deprivation IGF-II mRNAs are rapidly degraded while the amount of 1.8 kb RNA remains high. We therefore hypothesize that the cleavage reaction is a regulated event.
Cleavage of IGF-II mRNAs in the 3' untranslated region yields a 5' cleavage product that contains the coding region. The 5' cleavage product will be rendered unstable due to the absence of a poly(A) tail (23) . In this way, site-specific cleavage of IGF-II mRNAs may contribute to the regulation of the levels of these mRNA and, consequently, to the regulation of IGF-II protein levels.
